coagulation factor levels by as little as 20%. 5 Such a volume overload is not well tolerated in post-CPB neonates with limited cardiopulmonary reserve. Purified or recombinant factor concentrates have advantages compared with FFP in that they can be administered irrespective of blood type, have rapid availability, and involve only a small volume of administration. In the USA, recombinant activated factor VII (rFVIIa; Novoseven w , Novo Nordisk, Bagsvaerd, Denmark) and three-factor prothrombin complex concentrate (3F-PCC) are currently available. 3F-PCC contains low levels of factor (F) VII and therapeutic levels of FII (prothrombin), FIX, and FX. This is in contrast to 4F-PCC, which contains therapeutic amounts of all vitamin K-dependent factors and is available in major European countries. Although their primary indications are for the prevention and treatment of bleeding episodes in patients with specific bleeding disorders, it is becoming increasingly common that they are administered off-label during complex cardiac surgery when conventional haemostatic treatment is inadequate. However, there is a paucity of data on the haemostatic effects of these agents in paediatric patients. In neonates especially, it is difficult to conduct comprehensive coagulation studies because of the limited amount of blood that can be collected from each patient.
In this investigation, we hypothesized that replacement of prothrombin is pivotal to the restoration of TG in neonatal plasma after CPB. Thus, we compared rFVIIa, which does not contain prothrombin, with 3F-PCC, which contains ample prothrombin but little FVII. In order to circumvent the small amount of blood obtainable from each subject, we initially simulated the impact of rFVIIa and 3F-PCC in neonatal plasma post-CPB using a computer-simulated coagulation model. Subsequently, we measured TG in neonatal plasma post-CPB after platelet and cryoprecipitate transfusion and after adding rFVIIa or 3F-PCC ex vivo.
Methods

Simulation of thrombin generation
The coagulation reactions included in the computer-simulated model are based on published literature, 6, 7 and have been used in our previous experiments. 8 -10 Briefly, coagulation reactions are modelled as a system of coupled ordinary differential equations. 8 Each equation relates the rate of production (or decay) of a protein (or protein complex) with the current concentration of each protein (or protein complex). Readers are referred to the Appendix for a description of the model and equations. The model of TG mimics the extrinsic pathway and is triggered by tissue factor (TF) at 5 pM. 8 A rapid binding of activated FVII (FVIIa) to TF catalyses the initial activation of FX (FXa). When a sufficient amount of thrombin (0.1-1 nM) is generated, FV, FVIII, and FXI are engaged via thrombin-mediated feedback activation to sustain procoagulant reactions on activated platelets. The propagation of thrombin results in fibrin formation. The thrombomodulin-mediated protein C anticoagulant pathway was omitted because the main focus of this simulation was to evaluate procoagulant reactions at the site of vascular injury and thrombomodulin is mostly depleted by endothelial disruption at the site of vascular injury. Coagulation factor levels, expressed in nanomolar concentration (nM), in 10 umbilical cord blood samples were used to compute baseline TG profiles: FII 616+87. was also simulated without changing other factor levels in the post-CPB set. The impact of restoring FII to pre-CPB levels was also tested with rFVIIa. In summary, TG patterns were simulated (n¼10 each) at (i) baseline, (ii) post-CPB, (iii) post-CPB+3F-PCC 0.3 IU ml 21 , (iv) post-CPB+rFVIIa 60 nM, and (v) post-CPB+rFVIIa 60 nM+FII (baseline). By convention, lag time for the simulation is defined as the time (in s) required to form 5 nM of thrombin.
Ex vivo experiments
After approval by the Institutional Review Board, 11 neonates undergoing elective cardiac surgery requiring CPB at Children's Healthcare of Atlanta at Egleston were enrolled in this prospective study. Premature neonates (,36 weeks gestational age) and neonates with known coagulopathy, coagulation defect, or mother with known coagulation defect were excluded.
Cardiopulmonary bypass management
Non-pulsatile hypothermic CPB with a non-heparin-coated system consisting of a Terumo RX-05 hollow-fibre membrane oxygenator (Terumo Cardiovascular Systems, Ann Arbor, MI, USA) and COBE SMArt neonatal circuit tubing (Sorin Group USA, Inc., Arvada, CO, USA) was used for all neonates. Standard anticoagulation protocol consisted of a heparin bolus of 400 units kg 21 with 1000 units added to the CPB prime. Circuits contained a 250 ml priming volume with packed red blood cells (RBCs) added to the circuit as needed to achieve and maintain a haematocrit of 30% for the duration of CPB. No FFP was included in the priming volume. All neonates received tranexamic acid (100 mg kg 21 as a load to the patient, 100 mg kg 21 as a load to the pump, and a continuous infusion of 10 mg kg 21 h 21 for the duration of the operation). After heparin neutralization with protamine, post-CPB bleeding was initially treated with 0.25 U of apheresis platelets and 3 U of cryoprecipitate (standard protocol). Further blood product administration for continued bleeding deemed clinically significant was at the discretion of the attending anaesthesiologist or intensivist.
Blood sampling
Two blood samples were obtained from each neonate. The first sample was collected pre-CPB and provided a baseline measurement of TG in neonatal plasma. The second was collected post-CPB after heparin reversal with protamine and standard protocol blood product replacement. Pre-CPB and post-products blood samples were centrifuged to yield platelet poor plasma (PPP) and stored at 2808C until analysis. At the time of analysis, the following samples were prepared: (i) baseline; (ii) control post-products; (iii) post-products+60 nM rFVIIa (3 mg ml 21 ); and (iv) post-products+0.3 IU ml 21 of 3F-PCC (Profilnine from Grifols Biologicals, Inc., Los Angeles, CA, USA). We chose Profilnine because it contains only low levels of factor VII (≤35 U per 100 U of FIX) and does not contain heparin. 13 Prothrombin (FII) and AT levels were also measured in each sample.
Thrombin generation ex vivo
TG assays were performed using a calibrated automated thrombography technique as originally described. 14 Briefly, 80 ml of thawed PPP was added to a microtitre plate well (Thermo Labsystems, Franklin, MA, USA) followed by 20 ml of tissue factor (TF)-based activator (PPP reagent: final concentration 5 pM TF with 4 mM phospholipid). The plate was incubated 7-10 min at 378C. Next, 20 ml of fluorogenic substrate-CaCl 2 mixture was added to each well to start the reaction. All TG reagents were from Diagnostica Stago, Parsippany, NJ, USA. A thrombin calibrator with a known constant thrombin-like activity was used in parallel wells to eliminate signal differences due to the light absorption characteristics of different plasmas, inner filter effects, and non-linearity of the emission signal. The TG reaction was monitored using a microplate fluorometer (Fluoroskan Ascent, Labsystems, Finland) set at 390 nm excitation and 460 nm emission wavelengths. Fluorescence was recorded every 20 s for 90 min. Acquired data were automatically processed by the Thrombinoscope software (Thrombinoscope, Stago, Maastricht, Netherlands) and TG parameters were calculated. The following parameters were evaluated: time to initiate TG or lag time, rate of TG, and peak amount of thrombin generated. By convention, lag time for ex vivo TG is defined as the time (in min) required for thrombin concentration to reach one-sixth of the peak amount.
Factor II and AT measurements
Residual plasma was used to measure FII and AT activity in each neonate for each condition. FII and AT levels were measured using a Stago Compact analyser with the Stago kits and reagents (Diagnostica Stago) according to the manufacturer's directions. For AT measurements we used the Stachrom ATIII kit (chromogenic assay).
Statistical analysis
Median values with range were used for all continuous variables. Because normality assumptions were not upheld, we used the Wilcoxon signed-rank test to compare continuous variables between different conditions. All P-values are two-sided.
Results
Simulated thrombin generation
The numerical simulation of factor levels in neonates post-CPB revealed that no factors were restored to adult levels after 3F-PCC or rFVIIa except for supra-physiological FVII activity after rFVIIa addition. After 3F-PCC addition, levels of FII, FX, and FIX (not shown) were significantly higher than post-CPB with or without rFVIIa. AT levels remained lower than baseline ( Fig. 1 ). Simulation of TG is shown in Table 1 and Figure 2 . Post-CPB lag time was prolonged by 93% relative to baseline; rate and peak also decreased by 46 and 42%, respectively. Simulated addition of 3F-PCC shortened post-CPB lag time by 61% and increased the rate and peak. In contrast, simulated addition of rFVIIa shortened the post-CPB lag time by only 6.3% and failed to increase rate and peak. Only when FII was restored to the baseline concentration in addition to rFVIIa were lag time, rate and peak restored to pre-CPB levels.
Thrombin generation in plasma samples
Eleven neonates were enrolled in this prospective observational study. Subject characteristics and CPB-related data are given in Table 2 .
The median lag time was significantly prolonged after CPB despite heparin reversal and the transfusion of platelets and cryoprecipitate (Table 3 ). The addition of either rFVIIa or 3F-PCC to the post-transfusion products sample resulted in a statistically significant decrease in lag time, but was unable to return lag time to pre-CPB value. The median peak thrombin level was significantly elevated above pre-CPB levels after the termination of CPB, protamine administration, and the transfusion of platelets and cryoprecipitate. The addition of rFVIIa did not result in a further increase in peak thrombin generated. However, the addition of 3F-PCC produced a statistically significant increase in the peak thrombin level. Similarly, the rate was significantly increased from pre-CPB values by transfusion of platelets and cryoprecipitate. 3F-PCC but not rFVIIa was able to further augment the rate above that of the post-transfusion products level.
Factor II and AT measurements
After the transfusion of platelets and cryoprecipitate, FII activity did not significantly differ from baseline (Table 4) . Conversely, AT activity post-transfusion was significantly decreased from baseline. The addition of both rFVIIa and 3F-PCC to the post-transfusion products sample significantly increased FII activity, but did not affect AT activity. The increase in FII was substantially greater with 3F-PCC than with rFVIIa (P,0.01).
Bleeding outcomes
Five of 11 neonates (46%) received additional blood product transfusion after the initial round to treat continued bleeding (Table 5) , resulting in less 24 h chest tube output (non-significant at P¼0.6). The median (range) amounts of additional products received were platelets 19.4 (0-80.3) ml 
Discussion
We demonstrate the critical importance of prothrombin in restoring TG in a computer-simulated coagulation model and in post-CPB neonatal (ex vivo) blood samples. Baseline levels of vitamin K-dependent factors in neonates are 50% of adult levels, thus predisposing neonates to coagulopathy from haemodilution and blood loss during CPB. 15, 16 The addition of 3F-PCC, which is rich in prothrombin, was capable of restoring all three parameters of TG in both simulated and ex vivo post-CPB models, whereas the effect of rFVIIa was limited only to a faster onset of TG. Initially, we evaluated the effects of 3F-PCC and rFVIIa using a computer-simulated model 8 -10 based on presumed neonatal plasma coagulation factor levels. Despite low prothrombin levels, baseline simulated TG peak was normal because of low AT activity. However, the simulated 50% haemodilution post-CPB led to significant prolongation in lag time and rate and decrease in peak. In the simulation of 3F-PCC addition to post-CPB plasma, all the parameters of TG were restored. In contrast, simulation of rFVIIa addition minimally improved B a s e li n e P o s t-C P B P o s t-C P B + P C C P o s t-C P B + r F V II a B a s e li n e 0 P o s t-C P B P o s t-C P B + P C C P o s t-C P B + r F V II a B a s e li n e P o s t-C P B P o s t-C P B + P C C P o s t-C P B + r F V II a B a s e li n e 0 P o s t-C P B P o s t-C P B + P C C P o s t-C P B + r F V II a lag time but not rate or peak. The haemostatic activity of rFVIIa improved in the simulation model only when the prothrombin level was restored to its baseline value. Our simulation data are in agreement with previous simulations and in vitro TG studies that demonstrate the crucial role of prothrombin in haemodiluted blood. 17 -19 Although rFVIIa can be effective for achieving haemostasis in haemophilia patients with inhibitors who have normal prothrombin levels, the response to rFVIIa in haemodiluted blood is proportionally improved by increasing the prothrombin level. 20 Variations in plasma concentration of FVII, FIX, and FX do not affect TG until levels decrease well below normal. Only 5, 20, and 30% of FVII, FIX, and FX, respectively, are required to maintain normal TG. 21 However, reduced TG becomes evident when FII decreases below 75-100% of normal. 19, 21 Our simulation data indicate the potential utility of 3F-PCC, by increasing FII, in restoring decreased TG in post-CPB neonates.
In the second part of our study, we investigated whether similar effects of 3F-PCC and rFVIIa are observed ex vivo in post-CPB neonatal plasma. Our standard protocol for blood product replacement resulted in a significant increase in thrombin activity relative to pre-CPB neonatal plasma; however, the lag time remained prolonged compared with baseline. We speculate that transfused platelets and cryoprecipitate did not provide sufficient extrinsic pathway factors (i.e. vitamin K-dependent factors) to affect lag time, but were able to improve TG by increasing FVIII levels via cryoprecipitate. 22 The addition of rFVIIa to our standard haemostatic therapy of platelet and cryoprecipitate did not further enhance the rate or peak amount of thrombin but significantly decreased the lag time. Conversely, the addition of 3F-PCC significantly elevated peak, increased rate, and shortened lag time. Our ex vivo measurements of TG were supported by our computer-simulation data and are similar to the results of Mitrophanov and colleagues 23 regarding rFVIIa. These authors also used a computational model to determine the effects of rFVIIa administration on TG parameters to show that rFVIIa acts primarily to accelerate the onset of TG with a minimal effect on rate and peak. Neonates especially are prone to the haemostatic alterations of CPB and often require significant transfusion of blood products to achieve haemostasis. 1, 2 Traditionally, transfusion of packed RBCs, platelets, cryoprecipitate (i.e. fibrinogen-rich component), and FFP are essential to control post-CPB bleeding in these patients. We demonstrated that peak TG surpasses baseline values with the initial transfusion of platelets and cryoprecipitate. Despite this increase, almost half of the subjects received additional blood products for continued post-CPB bleeding. Median postoperative bleeding was clinically significant (equivalent to 1 litre loss in a 70 kg adult in 24 h), in the range of reported values in infants 24 and adults. 25 Given the safety concerns and effects on the immune system associated with blood product administration, 26 these findings emphasize that the search for other effective options to treat post-CPB bleeding in neonates remains an important challenge. Both rFVIIa and 3F-PCC have been studied in animal models. In a porcine trauma model of haemodilution after spleen injury, 27 both rFVIIa and PCC significantly shortened prothrombin time. However, PCC alone reduced blood loss and augmented TG. In a second porcine model mimicking post-CPB bleeding, 17 PCC was effective in reducing diffuse bleeding and increasing TG from post-CPB levels. In the latter study, the authors did not compare PCC with rFVIIa. Improvement of TG parameters with 3F-PCC in our study also suggests that it could be useful in the treatment of microvascular bleeding after CPB. Any procoagulant intervention carries a potential risk of thrombosis; it is impossible to estimate the risk with 3F-PCC based on our study. The TG assay is a static test and thus does not fully reflect in vivo coagulation processes that are affected by rheological and other factors (blood flow, blood viscosity, lack of endothelium, etc.). In the previously mentioned porcine model of post-CPB coagulopathy, 17 peak TG after administering PCC (30 IU kg 21 ) was well above baseline, but the animals presumably did not incur acute thromboembolic events underscoring that the procoagulant activity of PCC might be limited by in vivo blood flow and localized platelet activation. 28 Threshold levels of peak TG for thrombosis and haemostasis have not been defined in either adults or children, although elevated levels in adults have been associated with increased risk of venous thrombosis. 29 In children, there is a paucity of data on the risk of venous thrombosis, although paediatric patients undergoing cardiac surgery do appear to be at increased risk compared with other hospitalized children. 30 The risk of arterial thrombosis also cannot be estimated from plasma TG patterns which are devoid of platelet activity. In general, locally generated thrombin is more likely to be washed away by high flowing arterial blood. 31 Furthermore, the risk of thrombosis is significantly influenced by underlying clinical conditions, including heart failure, vascular damage, infection, and inflammation. Nevertheless, the risk of thrombosis must be taken seriously and should be evaluated in a dose escalation study of PCC. Current data can help determine an appropriate starting dose, probably ,0.3 IU ml 21 .
Our study has several limitations. First, it is unclear whether ex vivo results can be accurately applied to the in vivo state. Our ex vivo experiments were performed under static conditions and do not take into account rheological effects on coagulation encountered under physiologic conditions. Also, they do not account for contributions of the endothelial system to coagulation. A second limitation is that we did not assess 4F-PCC in this study; however, our primary focus was to demonstrate the key role of prothrombin in TG and prothrombin content is similar between 3F-PCC and 4F-PCC. 13 In addition, our previous ex vivo study demonstrated that TG patterns were similar between 3F-PCC and 4F-PCC when the international normalized ratio (INR) is ,4.0. 32 A final limitation is the potential inaccuracy of commercially available TG assays in neonates. Most TG assays rely on fluorogenic substrates that are cleaved by both free and a 2 -macroglobulin-bound thrombin. Software accounts for this by using a mathematical algorithm that assumes a likely contribution of a 2 -macroglobulin-bound thrombin to the overall thrombin produced. However, in populations where a 2 -macroglobulin is elevated, such as neonates, it is possible to overestimate the total amount of thrombin produced. However, our experiments depend less on the absolute amount of thrombin generated and more on the comparison of peak levels between differing conditions.
In conclusion, we demonstrate that the transfusion of platelets and cryoprecipitate post-CPB effectively restores the rate and the peak amount of TG in neonates undergoing cardiac surgery requiring CPB. However, these transfusion products do not return the lag time to baseline values and many neonates in our study required further blood product administration to control clinical bleeding. The addition of rFVIIa did not further enhance the rate or peak of TG, but did significantly shorten the lag time. On the other hand, 3F-PCC improved all three TG parameters. We conclude that the greater effect of 3F-PCC is a result of its ability to augment FII, which was confirmed by both the computer-simulation and ex vivo experimental results. However, caution is warranted with the use of 3F-PCC because its prothrombotic risk is unclear. A greater understanding of the procoagulant effects of 3F-PCC in neonates undergoing cardiac surgery with CPB is needed so that well-designed randomized controlled trials can be performed to evaluate its efficacy and safety.
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constant governing the qth reaction, and s jq , s kq denote stoichiometric coefficients (elements of the matrix S). We have treated every rate as nonnegative; all reversible reactions in the data source were split into two irreversible reaction steps. Thus, every element of the reaction rate vector r(x,k) takes the form shown in equation (3) .
The model equations were solved using the Livermore solver for ordinary differential equations (LSODE) routine of the OCTAVE programming environment (http://www.octave.org; version 2.1.71) on an Apple Computer MacOSX (http://www. apple.com; v10.5.3). 8 Handling editor: H. C. Hemmings
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